In spite of their widespread use as catalysts, 1,2,3,4,5-pentamethylcyclopentadienyl (Cp*) iridium complexes have been rarely employed in the synthesis of pyridine derivatives. Herein, we used density functional theory (DFT) calculations to predict the [Cp*Ir(OAc)] + -catalysed synthesis of 2,3-dihydropyridines, which are important starting materials for pharmaceuticals, from a,b-unsaturated oxime pivalates and alkenes. The corresponding Cp*Rh complex-catalysed processes were discussed in comparison. The simulated catalytic cycle consists of several elementary reactions, such as reversible acetate-assisted metalationdeprotonation, migratory insertion of the alkene, pivaloyl transfer, and reductive elimination. The migratory insertion of the alkene is identified as the rate-determining step, and the reductive elimination to furnish the product-ligated species makes the reaction irreversible (exergonic by about 48 kcal mol À1 ). The stabilities of the intermediates and the energy barrier of migratory insertion of the alkene can be affected by introducing substituent groups with different electronic characteristics into Cp* and the 2-position of a,b-unsaturated oxime pivalates, as well as by using polarised alkenes. The apparent activation energy of the reaction can be increased by increasing the electron-donating ability of the substituent group on Cp*, and by introducing electron-withdrawing groups into the terminus of alkenes. When a strong electrondonating group such as the amido group is introduced into the 2-position of a,b-unsaturated oxime pivalates, the apparent activation energy is greatly reduced so that the reaction can occur at room temperature. In contrast, changing phenyl into the highly electron-deficient p-CF 3 -phenyl makes the reaction more difficult. Diastereoselectivity of the reaction was examined using cyclohexylethylene as a substrate, and a method for enhancing diastereocontrol was suggested. † Electronic supplementary information (ESI) available: Calculated main bond parameters for Cp*Ir complex M, Fig. S1-S3 , and optimised Cartesian coordinates and electronic energies (E) for relevant species. See
Introduction
Iridium and rhodium-catalysed reactions, such as (de)hydrogenation, olen functionalisation, cyclisation, and C-H activation have attracted much attention, due to their high efficiency, broad substrate tolerance, and high stereoselectivity. 1-5 Li et al. have pointed out that Ir and Rh complexes as efficient catalysts have complementary substrate scopes in the alkynylation of arenes. 6 Ozawa et al. described the different reactivities of Irand Rh-complexes toward ammonia due to thermodynamic reasons. 7 In carbine carbonylation reactions, Ir-and Rh-complexes also show distinct catalytic performance. 8 Various coordination models for Ir and Rh metals with pincer ligands have been reported. 9 In particular, 1,2,3,4,5-pentamethylcyclopentadienyl M(III) (Cp*M(III), M ¼ Ir, Rh) complexes are important catalysts that deliver excellent performance for transfer (de)hydrogenation and C-H activation with high catalytic reactivity. 1d,e,6,10- 15 Davies et al. discovered that owing to electronic effects, Cp*Ir could catalyse the cyclometallation of benzylamine and alkyl and aryl imines at room temperature, while the Cp*Rh complex only works for imimes. 16 Jin et al. reported that when using Cp*Ir, the insertion of internal and terminal alkynes into the Ir-C bond of the cycloirridation intermediate induced another regiospecic C-H activation, and that Cp*Rh catalysed the oxidative coupling of aromatic imines with an internal alkyne to give an indenone imine product. 17 Singh et al. pointed out that the acetate-assisted cyclometallation with Cp*Rh is more sensitive to steric effects compared to that with Cp*Ir, and also thermodynamically less favoured. 18 Among the substrates tested in these studies, oxime, triazole, imidazole, and amine work well with Cp*Ir but not with Cp*Rh, indicating the higher reactivity of the former for such reactions. In addition, Cp*Ir and Cp*Rh complexes have been used as supramolecular building blocks. 1e, 19, 20 Thus, iridium-based complexes not only efficiently emulate the known catalytic capabilities of rhodiumbased ones, but also exhibit additional unique activities. These ndings urge us to explore the possibility of replacing Rh-with Ircomplexes in the catalytic reactions.
Nitrogen-containing heterocycles, such as pyridine and dihydropyridine derivatives, are the most prevalent structural components in both natural products and pharmaceuticals. 21, 22 Thus, their syntheses have been extensively explored, especially through transition metal (Co, Ni, Cu, Ru, Rh, Pd, and Au)catalysed C-H activation pathways with external or internal oxidants. [23] [24] [25] [26] Owing to their high efficiency, broad substrate scope, and high functional tolerance, Rh complexes with pivaloyl oximes as internal oxidants have been frequently applied to the catalytic synthesis of pyridines and dihydropyridines. [27] [28] [29] Although 2,3-dihydropyridines are not found in bioactive molecules due to their kinetic instability, they are regarded as versatile intermediates in biosynthetic methods. They can also be reduced to piperidines, which are important building blocks for numerous pharmaceuticals. [30] [31] [32] [33] Recently, Rovis and co-workers reported the synthesis of 2,3-dihydropyridines through the Cp*Rh complex-catalysed reaction of unsaturated oximes with alkenes, which features a broad range of substrates and high diastereoselectivity but requires a temperature of 50-60 C. 34 The cation [Cp*RhOAc] + is the true active species for this reaction, 35 which has been suggested to consist of concerted metalation-deprotonation (CMD), migratory insertion of alkene into the Rh-C bond, pivaloyl transfer to the Rh centre, and reductive elimination, among other steps. 34, 36 In 2008, Jones et al. reported the synthesis of polycyclic isoquinoline salt through C-H activation with Cp*M (M ¼ Ir, Rh) complexes. 37 However, compared to Cp*Rh, there are few examples of synthesising pyridines and dihydropyridines through Cp*Ir complex-catalysed C-H activation. In order to further explore the application of Cp*Ir complexes in the synthesis of nitrogen heterocyclic compounds, herein we theoretically study the feasibility of synthesising 2,3-dihydropyridines through the reaction of unsaturated oxime pivalates with alkenes catalysed by [Cp*IrOAc] + in place of [Cp*RhOAc] + .
Our simulated catalytic cycle is shown in Scheme 1. The unsaturated oxime pivalate a 1 coordinates to the active species followed by a CMD process, releasing the formed acetic acid molecule to produce the ve-membered iridacycle 4. This is followed by the coordination and migratory insertion of alkene b 1 into the Ir-C bond. The resultant seven-membered metallacycle 6d undergoes a conformational change, pivaloyl transfer to the Ir centre, and the subsequent reductive elimination, eventually furnishing 2,3-dihydropyridines and regenerating the active species. In order to reveal the effects of substitutions on the catalyst and substrates and investigate the possible diastereoselectivity, the following substituted species were studied: catalysts bearing CF 3 , CH 3 , NH 2 , N(CH 3 ) 2 , tertiary butyl ( t Bu) groups on Cp*; a,b-unsaturated oxime pivalates bearing CH 3 , NH 2 , phenyl, and p-CF 3 -phenyl groups at the 2-position; and alkenes bearing NH 2 , Cl, CO 2 Et, and cyclohexyl (Ch) groups at the terminus.
Computational details
All calculations were performed using the G09 program package, 38 and inuences of hydrogen bonds were not taken into account. The molecular structures were optimised by density functional theory (DFT) calculation using the B3LYP/ BS1 method. 38a,39,40 In the G09 program, there are no physical parameters pertaining to hexauoroisopropanol (HFIP), 38 which is used experimentally for the Cp*Rh complexcatalysed reaction. 34 With 2-propanol instead of HFIP, the calculated results for this reaction are in good agreement with the experimental observations. 36 Therefore, in order to compare to the catalytic performance of the Cp*Rh complex in this work, 2-propanol was also used to simulate the solvent effects, by invoking the PCM solvation model. 41 The basis set (BS1) was dened as follows. Ir atoms are described with the LANL2DZ basis sets with ECP, which are modied by Couty and Hall. 42 C and N atoms directly connected to Ir (including those involved in the conjugated p bonds of a,b-unsaturated oxime pivalates and alkenes), H atoms connected to the unsaturated p bonds, C atoms of the carbonyls of oxime pivalates, and the O atoms are described with the 6-311+G(d,p) basis sets. 43 The other atoms are represented by the 6-31G basis sets, except for F, N, and Cl atoms in the substituent groups which are described with the 6-31+G(d) basis sets. To validate our results, we calculated the Cp*Ir complex M using the same method (see the ESI †), and the obtained main bond parameters are in good agreement with X-ray data. 44a The method described here has also been used in similar studies. 44b The frequency calculations were carried out using the optimised structures, in order to conrm that the obtained species are either energy minima (no imaginary frequency) or transition states (only one imaginary frequency), and to provide thermodynamic corrections at 1 atm and 298.15 K. In addition, intrinsic reaction coordinate (IRC) calculations were performed to ensure that the obtained transition states are correctly connected to the intermediates. 45 Finally, more accurate energies were calculated using the 6-311G(d,p) in place of 6-31G basis sets (BS2). In order to take the dispersion effects into account, the B3LYP-D3/BS2//B3LYP/BS1 calculations were carried out at the same time. 1f,38b,46 Natural bond orbital (NBO) analysis was performed at the stationary points, and the natural charges and Wiberg bond indices (WBIs) were computed by the NBO program as implemented in the G09 package. 38a Corrected Gibbs free energies were used to describe the energetic proles of the reaction. For the cationic system (the counter anion is ignored in this study), the dispersion effects were much overestimated. Hence, we only discuss these effects on the main energy barriers with great care, and hope to obtain some insights into how the dispersion effects inuence the elementary reaction steps.
Results and discussion
Energetic proles of the reaction catalysed by 1-CF 3 Based on the catalytic cycle shown in Scheme 1, we calculated the reaction of unsaturated oxime a 1 (bearing CH 3 at the 2-and 3-positions) with alkene b 1 (bearing the ester group CO 2 Et at the terminus) catalysed by 1-CF 3 (bearing a CF 3 substitution on Cp*). As shown in Fig. 1a , the unsaturated oxime pivalate a 1 coordinates to the active species 1-CF 3 with the endergonicity of 6.1 kcal mol À1 , the system entropy is reduced by 47.7 cal mol À1 K À1 . In 2, there is an agostic interaction between the Ir atom and the C 1 -H 1 bond, as evidenced by the length of the Ir-H 1 Fig. 1 bond (2.18Å, see Fig. S1a in ESI †), the calculated interaction energy between the C 1 -H 1 bonding orbital and the valence p orbital on Ir is 30.2 kcal mol À1 , and the WBI of the Ir-N bond is calculated to be 0.50. Then, C-H activation occurs through an acetate-assisted CMD process. The transition state TS2-3 (Ir-
is slightly higher in energy (by 1.8 kcal mol À1 ) than 2. The dispersion-corrected energy barrier is 2.4 kcal mol À1 , which is larger than the uncorrected value of 1.8 kcal mol À1 . Therefore, the dispersion effects increase the energy barrier of the acetateassisted CMD process. The length of Ir-H 1 in TS2-3 indicates that the Ir atom mediates the C-H activation. The coordination of the substrate and C-H activation result in an exergonicity of 5.5 kcal mol À1 . The calculated energy barrier (1.8 kcal mol À1 ) and exergonicity (5.5 kcal mol À1 ) are comparable with those reported for the acetate-assisted C-H activation of dimethylbenzylamine (DMBA-H) catalysed by Cp*Ir complex (0.9 and 4.8 kcal mol À1 , respectively). 5a For further comparison, the corresponding theoretical values for the acetate-assisted C-H activation for imidazolium salt with Ir(COD)(OAc) (COD ¼ cyclooctadiene) as catalyst are 2.2 and 4.5 kcal mol À1 , respectively. 5i The release of the formed acetic acid molecule is exergonic by 4.3 kcal mol À1 , and this step furnishes the vemembered iridacycle 4 with a vacant site (Ir-C 1 ¼ 2.12Å and Ir-H 1 ¼ 2.03Å), followed by the coordination of substrate b 1 . The increase in entropy (42.8 cal mol À1 K À1 ) is responsible for the exergonicity. The formation of iridacycle 4 requires the additional energy of 7.9 kcal mol À1 , and the resulting system exergonicity of 9.8 kcal mol À1 indicates the reversibility of this process. For the CF 3 -substituted Cp*Rh complex, the corresponding process requires 11.9 kcal mol À1 and releases 5.5 kcal mol À1 in energy. 36 In the case of CF 3 -substituted Cp*Rh, the reversibility of the reaction is known to be supported by a primary kinetic isotopic effect (KIE ¼ 1.41). 34 These data clearly show that 1-CF 3 is a more robust catalyst than the CF 3substituted Cp*Rh complex for the CMD process. There are four pathways for the alkene b 1 to approach to form the four complexes labelled 5a-5d in Scheme 2. The system is endergonic by 4.9-6.7 kcal mol À1 and the entropy is reduced by 53.2 to 55.8 cal mol À1 K À1 . The complexes 5a-5d are slightly different in energy (within 1.8 kcal mol À1 from each other), which is ascribed to a marginal clash between the substituent groups on Cp* and alkenes (in 5d, Ir-C 5 ¼ 2.21Å and C 1 -C 6 ¼ 2.90Å). The clash becomes stronger in the subsequent migratory insertion of alkene b 1 into Ir-C 1 in 5a and 5b, making the transition states TS5a-6a and TS5b-6b higher in energy (25.9 and 25.7 kcal mol À1 , respectively) than TS5c-6c and TS5d-6d (21.9 and 20.9 kcal mol À1 , respectively). Thus, the regioselective seven-membered iridacycle 6d is favoured over 6c. The slight energy difference between TS5c-6c and TS5d-6d (1.0 kcal mol À1 ) is attributed to the congestion of their substituent groups (see Fig. S1b in ESI †). In comparison to TS5c-6c, the entropy of TS5d-6d is higher by 3.9 cal mol À1 K À1 . Taken together, the coordination and migratory insertion of the alkene b 1 are endergonic by about 13.0 kcal mol À1 with an entropy change of À58.1 cal mol À1 K À1 . In 6d, the Ir atom is coordinated by a C]C p bond (Ir-C 1 ¼ 2.25Å and Ir-C 2 ¼ 2.30Å) to satisfy the 18-electron rule. The C]C p-bond coordination to Ir is conrmed by the WBIs of the Ir-C 1 (0.40) and Ir-C 2 (0.37) bonds. The Ir-C 1 (C 2 ) bonding orbital is mainly formed by the valence p orbital on C 1 (or C 2 ) and the valence d orbital on Ir. The WBIs of the Ir-C 1 (0.50), Ir-C 5 (0.68) and C 6 -C 1 (0.66) bonds in TS5d-6d are close to those in 6d (0.40, 0.72, and 0.97, respectively), indicating that TS5d-6d is a late transition state. The calculated energy barriers for the migratory insertion of alkene into Ir-C in the iridacycle complex 4 are about 5.0 kcal mol À1 higher than those for the migratory insertion into Rh-C in the corresponding rhodacycle. 36 However, between the corresponding iridacycle and rhodacycle complexes, the energy required for the coordination and migratory insertion of the alkene is only about 1.5 kcal mol À1 higher in the former. From Fig. 1a , it can be found that the dispersion effects increase the energy barrier and endergonicity of migratory insertion, especially for cases 5c and 5d. 6d undergoes a conformational change through TS6d-7d (Ir-C 1 ¼ 3.36Å and Ir-C 2 ¼ 3.35Å) to form another isomer 7d featuring an uncoordinated C]C p bond, with the endergonicity of 8.6 kcal mol À1 (Fig. 1b ) due to the lower stability of 7d compared to 6d. Compared to the migratory insertion of alkene, the conformational change requires less energy (12.3 versus 25.1 kcal mol À1 ) and is less affected by the dispersion effects (0.6 versus 1.7 kcal mol À1 ). The value of 12.3 kcal mol À1 is 0.7 kcal mol À1 higher than that for the conformational change in the corresponding cyclometalated, CF 3 -substituted Cp*Rh complex (11.6 kcal mol À1 ). 36 Through rotation about the N-O bond, the O atom of the pivaloyl in 7d coordinates to the Ir centre to form 8 (Ir-O 2 ¼ 2.20Å and N-O 1 ¼ 1.46Å) that satises the 18-electron rule. Through this step, the system is exergonic by 8.0 kcal mol À1 and the entropy is lowered by 2.0 cal mol À1 K À1 . The conformational change and coordination of the O atom prepare for the subsequent pivaloyl transfer to the Ir centre through the N-O bond cleavage. 8 is converted to 9 with 16 valence electrons (Ir-O 2 ¼ 2.09Å and Ir-N ¼ 1.83Å) via TS8-9 (Ir-O 2 ¼ 2.14Å and N-O 1 ¼ 1.84Å) by breaking the N-O bond, with an energy barrier of 4.5 kcal mol À1 . At the same time, the Ir(III) centre in iridacycle 8 is oxidised to Ir(V). The system is exergonic by 6.1 kcal mol À1 , accompanied by an entropy increase of 4.2 cal mol À1 K À1 . In this process, natural charge gradually accumulates on the Ir centre (0.387 for 8, 0.483 for TS8-9, and 0.613 for 9), indicating changing oxidation state of the Ir centre. In 8, there is a stronger interaction (75.8 kcal mol À1 ) between the lone pair on N and the sp 3 hybrid orbital on Ir with a WBI value of 0.51, while in 9 the Ir-N is a polarised sbond (73.7% from the sp hybrid orbital on N) and the WBI is 1.18. The transfer of the pivaloyl in the iridacycle is more favourable here than in the corresponding rhodacycle complex (4.5 versus 9.4 kcal mol À1 ). 36 The dispersion effects are marginal for these elementary reactions, e.g. isomerisation of the sevenmembered iridacycle 7d and pivaloyl transfer to the Ir centre. Then, 9 is converted to 10 via TS9-10 (Ir-N ¼ 1.87Å, Ir-C 5 ¼ 2.47 A, and N-C 5 ¼ 2.36Å), accompanied by the formation of the C-N and breakage of the Ir-C bonds. This reductive elimination step has an energy barrier of 7.6 kcal mol À1 . This energy barrier is increased by 2.2 kcal mol À1 , owing to the dispersion effects. It furnishes the product-ligated species, and the exergonicity of 48.4 kcal mol À1 makes the reaction irreversible. The large exergonicity comes from releasing the tension in the sevenmembered ring, and reducing the steric congestion in 9. However, the dispersion effects make the system less exergonic by 4.6 kcal mol À1 . For this process, the system entropy change is À2.1 cal mol À1 K À1 . In TS9-10, the natural charge on Ir is 0.525 below that in the case of 9. The WBIs of the Ir-C 5 , Ir-N and C 5 -N bonds are 0.42, 0.94, and 0.35, respectively, indicating that TS9-10 is an early transition state. In comparison, the reductive elimination in the corresponding rhodacycle complex is more favourable, as it has a lower energy barrier (3.0 kcal mol À1 ) and a larger exergonicity (59.4 kcal mol À1 ). 36 When 10 with the ƞ 1pivaloyl is converted to 11 with the ƞ 2 -pivaloyl to satisfy the 18electron rule, the system continues to release energy (6.3 kcal mol À1 ) and the entropy is slightly increased by 0.3 cal mol À1 K À1 . Subsequently, 11 dissociates into complex 12 and 2,3dihydropyridine 13, with the endergonicity of 11.7 kcal mol À1 . The entropy of the system is increased by 49.3 cal mol À1 K À1 . In order to close the catalytic cycle, the pivaloyl is replaced by an external acetate anion to regenerate the active species 1-CF 3 , and the system is endergonic by 6.5 kcal mol À1 .
By analysing the energetic proles of the reaction, we nd that the migratory insertion of alkenes into Ir-C is the ratedetermining step, and the ve-membered iridacycle 4 is a crucial intermediate for determining the apparent activation energy of the reaction. The differences between the calculated results for Cp*Ir and Cp*Rh complexes may be ascribed to the larger size of the Ir atom and the stronger relativistic effects in Ir compared to Rh. 47 Based on the energetic span model and owing to the relatively smaller exergonicity, Cp*Ir is more efficient than Cp*Rh in the catalytic cycle of synthesising 2,3dihydropyridines. 48 Complex 6c undergoes similar processes, thus its energetic prole is not given here.
Effects of substituent groups on Cp*
Next, we replaced the active species 1-CF 3 with 1-CH 3 , 1-NH 2 , and 1-N(CH 3 ) 2 , which bear a Cp*, a NH 2 -substituted Cp*, and a N(CH 3 ) 2 -substituted Cp*, respectively. The corresponding reaction steps, such as C-H activation and migratory insertion of the alkene b 1 into Ir-C, were computationally evaluated. As shown in Fig. 2a , for 1-CH 3 , the acetate-assisted CMD process via TS14-15 (Ir-C 1 ¼ 2.17Å, Ir-H 1 ¼ 2.21Å, C 1 -H 1 ¼ 1.29Å, and O 4 -H 1 ¼ 1.40Å; see Fig. S2 in ESI †) requires more energy than for 1-CF 3 (8.9 versus 1.8 kcal mol À1 ). These calculated results are in accordance with other reports for similar processes. 5b,g,49 Compared to 1-CF 3 , the system with 1-CH 3 is much less exergonic (11.6 versus 4.9 kcal mol À1 ). Similarly, for 1-N(CH 3 ) 2 , the acetate-assisted CMD process via TS24-25 (Ir-C 1 ¼ 2.15Å, Ir-H 1 ¼ 2.15Å, C 1 -H 1 ¼ 1.34Å, and O 4 -H 1 ¼ 1.36Å) has an energy barrier of 8.1 kcal mol À1 (Fig. 2b) , and releases a small amount of energy (1.7 kcal mol À1 ). Through comparing these substituted catalysts, the conclusion is that introducing electron-donating substituent group into Cp* increases the energy barrier of the acetate-assisted CMD process, and decreases the exergonicity of the system. The higher energy barriers for 1-CH 3 than 1-N(CH 3 ) 2 are due to the higher stability of 14 (Ir-O 3 ¼ 2.22Å and Ir-O 4 ¼ 2.25Å) with the ƞ 2 -OAc. The energy barrier of these two steps, namely the coordination of unsaturated oxime a 1 and subsequent CMD, is 15.8 kcal mol À1 higher for 1-N(CH 3 ) 2 than for 1-CH 3 (13.2 kcal mol À1 ). In 14 and 24, the Ir centre is located far away from the C 1 -H 1 bond (Ir-H 1 ¼ 3.27Å for 14 and Ir-H 1 ¼ 3.22Å for 24), indicating that they do not interact with each other. Introducing a stronger electrondonating substituent group into Cp* makes the Ir centre more electron-rich, and thereby has less stable intermediates, more difficult C-H activation, and stronger inuence on the subsequent migratory insertion process. For 1-CH 3 , 1-NH 2 , and 1-N(CH 3 ) 2 , the energy changes caused by the coordination of the alkene b 1 to the ve-membered iridacycles (16, 21, and 26) are 3.5, 8.5 (Fig. 2b) , and 11.7 kcal mol À1 ; and the energy barriers of the subsequent migratory insertions are 26.8, 27.9, and 27.5 kcal mol À1 , respectively. From 17 to 22 to 27, the congestion between the substituent groups increases (as evidenced by the decreasing Ir-C 5 distance: 2.22 to 2.21 to 2.20Å), which accounts for the trend of energy change during the coordination of the alkene. The small change in activation energies is ascribed to a concerted process of migratory insertion. The energy changes related to the coordination of the alkene are responsible for the different apparent activation energies of the reaction (31.3, 36.4, and 39.2 kcal mol À1 , respectively). Obviously, the apparent activation energy of the reaction is increased by stronger electron-donating abilities of the substituent groups on Cp*. In addition, when using the bulky and more electrondonating t Bu group in place of CH 3 , the required activation energy for the migratory insertion of the alkene b 1 is lowered from 26.8 to 25.5 kcal mol À1 . The reduced energy barrier in comparison to the case of 1-CH 3 is ascribed to the larger size of t Bu. Thus, bulky substituent groups on Cp* can reduce the activation energy barrier of migratory insertion of the alkenes for the title reaction.
Effects of different substituent groups on the substrates
Compared to a,b-unsaturated oxime pivalate a 1 , the NH 2substituted a 2 changes the shape of the energetic prole slightly. As shown in Fig. 3a , in contrast to a 1 , a 2 coordinates to the active species 1-CF 3 with the exergonicity of 4.3 kcal mol À1 . In 29, the Ir and C 1 atoms are close to each other (Ir-C 1 ¼ 2.21Å, see Fig. S3 in ESI †), indicating their strong interaction. The subsequent acetate-assisted C-H activation via TS29-30 (Ir-C 1 ¼ 2.11Å, Ir-H 1 ¼ 2.53Å, C 1 -H 1 ¼ 1.35Å, and O 4 -H 1 ¼ 1.26Å) requires 5.8 kcal mol À1 energy to furnish the complex 30, and the system is 1.4 kcal mol À1 less endergonic than the case with a 1 . The distance between the Ir and H 1 atoms indicates that Ir does not mediate the C-H activation. The release of the formed acetic acid molecule gives ve-membered iridacycle 31 with the exergonicity of 7.4 kcal mol À1 . Then, the alkene b 1 coordinates to complex 31 to form 32 (Ir-C 5 ¼ 2.21Å, C 1 -C 6 ¼ 2.91Å, and C 5 -C 6 ¼ 1.41Å), making the system endergonic by 9.4 kcal mol À1 . To our delight, the migratory insertion of b 1 into Ir-C via TS32-33 (Ir-C 5 ¼ 2.17Å, C 1 -C 6 ¼ 2.15Å, and C 5 -C 6 ¼ 1.45Å) requires much less energy (i.e., 15.3 kcal mol À1 ) compared to a 1 . This is ascribed to the strong electron-donating ability of NH 2 through conjugation with the system, which stabilises the transition state. In 33, the Ir-C 1 and Ir-C 2 distances (2.23 and 2.57Å, respectively) show that the Ir atom interacts strongly with C 1 but not with C 2 . Owing to the replacement of CH 3 with NH 2 , the apparent activation energy of the reaction is reduced to 24.7 kcal mol À1 . From the kinetic viewpoint, 1-CF 3 is a more robust catalyst for substrate a 2 than CF 3 -substituted Cp*Rh, because reaction with the latter requires a slightly higher apparent activation energy (25.5 kcal mol À1 ). 36 Herein, we did not consider other possible reactions of NH 2 , because the aim here is understanding the inuences of electronic effects of substituent groups on the title reaction. We believe that introducing a strong electron-donating substituent group into the 2position of a,b-unsaturated oxime pivalate can allow the reaction to proceed at room temperature. In the case of phenylsubstituted unsaturated oxime pivalate, the alkene b 1 coordinates to the ve-membered iridacycle 34 to give 35 (Ir-C 5 ¼ 2.22Å , C 1 -C 6 ¼ 2.91Å, and C 5 -C 6 ¼ 1.40Å), with the endergonicity of 4.6 kcal mol À1 (Fig. 3b ). The subsequent migratory insertion of b 1 into Ir-C via TS35-36 (Ir-C 5 ¼ 2.11Å, C 1 -C 6 ¼ 1.86Å, and C 5 -C 6 ¼ 1.49Å) requires an energy of 24.3 kcal mol À1 . In the case of unsaturated oxime pivalate with p-CF 3 -phenyl substitution, the formation of 38 (Ir-C 5 ¼ 2.22Å, C 1 -C 6 ¼ 2.91Å, and C 5 -C 6 ¼ 1.40Å) through coordination of b 1 to the vemembered iridacycle 37 has almost the same endergonicity (4.7 kcal mol À1 ) as that for phenyl-substituted unsaturated oxime pivalate. The migratory insertion of b 1 into Ir-C via TS38-39 has an energy barrier of 25.5 kcal mol À1 (Ir-C 5 ¼ 2.10Å, C 1 -C 6 ¼ 1.84Å, and C 5 -C 6 ¼ 1.50Å). Thus, introducing a more electron-withdrawing substituent group into the 2-position of unsaturated oxime pivalate increases the energy barrier of migratory insertion of alkenes, and further increases the apparent activation energy of the reaction. In the case of CF 3substituted Cp*Rh, similar effects of phenyl and p-CF 3 -phenyl substituent groups at the 2-position of a,b-unsaturated oxime pivalate have been conrmed by the Hammett study (r ¼ À1.2). 34 When the alkene b 2 or Cl,Cl,Cl-trisubstituted alkene b 3 are used as substrates, the endergonicity of the system increases (4.2 and 5.2 kcal mol À1 , respectively; Fig. 4a ) through coordination of the alkenes to the ve-membered iridacycle 4, and the energy barrier of migratory insertion of alkene into Ir-C also increases to 25.3 and 25.5 kcal mol À1 , respectively. That is to say, these polarised alkenes increase the apparent activation energy of the reaction (29.5 and 30.7 kcal mol À1 , respectively) through their electron-withdrawing substituent groups. As shown in Fig. 4b , the migratory insertion of electron-donating NH 2 -substituted b 4 into Ir-C (25.0 kcal mol À1 ) requires less energy than that for b 2 .
Diastereoselectivity of the reaction
The diastereoselectivity of the title reaction was explored by using cyclohexylethylene b 5 as the substrate. As shown in Fig. 4c, b 5 can approach the ve-membered iridacycle 4 with different faces to generate the two species 46 (Ir-C 5 ¼ 2.21Å and C 1 -C 6 ¼ 3.03Å; see Fig. S3 in ESI †) and 48 (Ir-C 5 ¼ 2.21Å and C 1 -C 6 ¼ 2.91Å), with the former is higher in energy by 3.2 kcal mol À1 . The subsequent migratory insertion of cyclohexylethylene through TS46-47 (C 1 -C 6 ¼ 1.88Å) and TS48-49 (C 1 -C 6 ¼ 1.83Å) generates the diastereoisomeric seven-membered rhodacycles 47 and 49, respectively, eventually leading to diastereoisomeric 2,3-dihydropyridine derivatives. Consequently, it can be inferred that TS46-47 and TS48-49 are responsible for the diastereoisomeric products. As can be seen from Fig. S3 in ESI, † the energy difference between TS46-47 and TS48-49 (1.6 kcal mol À1 higher in the former) stems from the clash between the steric structures of cyclohexyl and a,b-unsaturated oxime pivalate. Therefore, we predict that the diastereoselectivity of the reaction can be controlled by tuning the clash between the alkene and a,b-unsaturated oxime pivalate, through introducing appropriate substituent groups into the substrates.
Conclusions 2,3-Dihydropyridines are important starting materials for nitrogen heterocycles that are prevalent in pharmaceuticals.
Since the Cp*Ir complexes are extensively used as catalysts, exploring their application in the catalysed synthesis of 2,3dihydropyridines has signicant importance. Using DFT methods, we calculated the potential energy surfaces of the Cp*Ir-catalysed reactions of a,b-unsaturated oxime pivalates with alkenes to furnish 2,3-dihydropyridines. The overall reaction includes several elementary reactions, such as a CMD process, migratory insertion of the alkene into Ir-C, pivaloyl transfer to the Ir centre, and reductive elimination. The results showed that the CMD process is reversible, and the migratory insertion of the alkene into Ir-C is rate-determining. The reductive elimination furnishes the product-ligated complex, and the higher exergonicity of this step makes the reaction irreversible. With stronger electron-donating substituent groups on Cp*, the apparent activation energy of the reaction is increased and the exergonicity of C-H activation process decreased. However, the energy barrier of migratory insertion of the alkene is less affected. By introducing strong electrondonating groups such as the amido group into the 2-position of a,b-unsaturated oxime pivalates, the energy barrier of migratory insertion of alkene and the apparent energy barrier of the reaction are greatly reduced (to 15.3 and 24.7 kcal mol À1 , respectively), so that the reaction can possibly proceed at room temperature. Compared to phenyl, the more electron-decient p-CF 3 -phenyl at the 2-position of a,b-unsaturated oxime pivalate increases the apparent activation energy of the reaction. When more polarised alkenes with electron-withdrawing substituent groups are used as substrates, the apparent energy barrier of the reaction also increases. Finally, diastereoselectivity of the reaction was examined using cyclohexylethylene as the substrate, and a method to enhance the diastereocontrol of the reaction is suggested.
